The Maâmoura aquifer is located on the eastern coast of the Cap Bon peninsula. During recent decades, the agricultural exploitation of water has been strongly reinforced, causing an over-pumping of the groundwater resources accompanied by an intrusion of seawater. The geophysical approach based on electrical resistivity tomography has been adopted to obtain high-resolution electrical sections imaging, which allows delineatation of the areas characterized by a high salinization and reconstructs the geometry of the saline wedge front. In fact, the presence of seawater in the aquifers reduces subsurface resistivity values. In this study, five electrical profiles were performed using the Terrameter SAS4000 Lund Imaging System with an array of 64 electrodes. The Wenner configuration was used with a unit electrodes spacing of 5 m. Finally, we use hydrogeological data, and electrical resistivity tomography data superimposed with the location of wells to provide a conceptual framework for the understanding of the freshwater-saltwater interface in the Maâmoura region.
Introduction
The salinization of coastal aquifers is a major hydrogeological risk affecting coastal or island regions, mainly those situated in the semi-arid area (Tunisia, Algeria, Morocco, Egypt, etc.) (Bouchaou et al. 2005; Zouhri et al. 2008; Paniconi et al. 2001; Kerrou 2008; Tarhouni et al. 2002; El Gayar and Hamed 2017; Hamed et al. 2018) .
The eastern coast of Cap Bon peninsula, which is located in the northeastern part of Tunisia (Fig. 1a) , is known as one of the most agriculturally productive zones in the country, and there has been an increase in population and industrial/ tourist activities as in any other part of Tunisia. This increase is directly associated with a high water demand (Tarhouni et al. 2000; Omrane 2008 ). This demand is ensured almost by the only resource available, which is groundwater through a number of wells that does not cease to increase. This overexploitation has significantly affected water quality mainly through marine intrusion and has resulted in the abandonment of wells that are close to the sea coast. In addition, industrial and domestic discharges, and also the use of pesticides and chemical fertilizers in this area has significantly affected the quality of water (Daskalaki and Voudouris 2008; Kazakis et al. 2016; Giambastiani et al. 2013; Fadili et al. 2015; Najib et al. 2016 Najib et al. , 2017 Besser et al. 2017; Ben Alaya et al. 2009; El Mandour et al. 2007; Lambrakis et al. 1997; Ferrara and Pappalardo 2004) .
Previous studies dealing with the groundwater salinization process in the study area (Chekirbane et al. 2013; Lecca et al. 1998; Paniconi et al. 2001; Gaaloul and Cheng 2003; Kouzana et al. 2009; Gaaloul et al. 2012; Mekni and Souissi 2016) confirms the presence of seawater intrusion. But the limit between freshwater and saltwater has not been developed in these studies. For this purpose, electrical resistivity tomography is a particularly pertinent geophysical method 1 3 26 Page 2 of 8 since it provides valuable geological and structural information and a relatively precise geometry imagery of the seawater/freshwater interface (Zghibi et al. 2013; Kouzana et al. 2010) .
The objective of this paper is to determinate precisely the limit between freshwater and saltwater and the geometry of seawater plume.
Geological setting
The outcropping formations in the study area are mainly Mio-Plio-Quaternary deposits (Fig. 1b) (Ben Salem 1995) . The local lithostratigraphic series corresponds from top to bottom to:
• Quaternary deposits: formed by recent alluvia, limestone crusts, dune and recent beaches, Sebkhas deposits, dune cords, and soils; the dune cords are formed by a superposition of sandstones and limestones levels, the limestone crust is composed by a relatively thick carbonate crust covering almost all the coastal plateaus (Colleuil 1976; Ben Salem 1992) .
• Lower and middle Pliocene outcrops do not exist in the study area and the upper Pliocene is presented by "Grès de Hammamet" formation. These deposits are mainly composed by fine sand sometimes clayey and containing sandy levels. The Pliocene formations outcrop generally in the Maâmoura region (Ennabli 1980 
Hydrogeology
The regional hydrogeology of the eastern coastal aquifer of Cap Bon has been studied by various previous researchers (Ennabli 1980; Paniconi et al. 2001; Kouzana et al. 2010; Zghibi et al. 2011) showing that the aquifer system is layered: The first aquifer formed by Plio-Quaternary deposits and a second aquifer formed by Miocene deposits; the PlioQuaternary detrital deposits of eroded products from Djebel Sidi Abderrahmen anticline and Dakhla syncline constitute a potential shallow aquifer. The marls of the Middle Miocene form the impermeable substratum of this aquifer (Ennabli 1980; Paniconi et al. 2001; Kouzana et al. 2010; Zghibi et al. 2011) .
The Miocene aquifer is formed by sandstone bars with different thickness and lateral variation, this aquifer have a considerable water resources (Zghibi et al. 2011) .
The pumped waters of Quaternary aquifers have been used generally in the field of agriculture since the 1960s. Because of the strong exploitation of the aquifer, this reached 135% in 2004 (Paniconi et al. 2001; Zghibi et al. 2011) . The seawater began to penetrate into coastal land. As a result, several geophysical and geochemical studies have highlighted the invasion of seawater in coastal areas Fig. 1 a Geographical location of study area. b General geological map of the Maâ-moura study area extracted from 1/50,000 geological maps of Nabeul (Ben Salem, 1995) . c Positioning plan of ERT profiles 3, 4 and 5. d Positioning plan of ERT profiles1 and 2 (Kouzana et al. 2009 (Kouzana et al. , 2010 Chekirbane et al. 2013; Zghibi et al. 2013 ).
Material and method
ERT and IP methods are electrical techniques that provide detailed information of the subsurface resistivity and induced polarization distribution. Electrical resistivity tomography (ERT) is a geophysical approach based on resistivity contrast, used to determine earth resistivity distribution on the sub-surface. Because of the large electrical resistivity contrast between seawater (0.2 Ωm) (Nowroozi et al. 1999 ) and freshwater (> 10 Ωm); resistivity methods make it possible to map the subsurface groundwater salinity distribution (Maillet et al. 2005; Batayneh 2006; Martinez et al. 2009; Mario et al. 2011; Zarroca et al. 2011; Rey et al. 2013; Werner et al. 2013; Eissa et al. 2016; Kazakis et al. 2016; Goebel et al. 2017; Najib et al. 2017) .
The induced polarization (IP) is an electrical method, which measures chargeability by the voltage decay over a specified time interval after the removal of the artificial current. The voltage does not return to zero instantaneously and decays slowly, indicating that charge has been stored in the rocks. In simple terms, the IP effect reflects the degree to which the rock/soil can store electric charge when an electric current passes through it in a manner analogous to a leak capacitor (Dobrin Lise 1998; Kiberu, 2002; MartinezMoreno et al. 2013; Chabaane et al. 2017a; Besser et al. 2017; Tkachev et al. 2017) .
In the present study, the electrical resistivity tomography campaign was carried out in order to detect the salt water depth and its lateral extension. Five electrical resistivity tomography (ERT) profiles and two induced polarization (IP) profiles were produced near the coast (Fig. 1b) ; two profiles were located at the east of the sebkha (Fig. 1d) and three beyond the Daroufa wadi (Fig. 1c) . In the first site, two profiles were carried out; the first profile (ERT 1& IP 1) was placed perpendicular to the coastline and the second one (ERT 2 & IP 2) was placed parallel to the coastline. In the second site, three profiles were carried out in order to cover the whole study area; two were placed perpendicular to the coastline (ERT 3 and ERT 4) and the other one was placed parallel to the coast (ERT 5). ERT imaging surveys were conducted using an ABEM Terrameter LUND Imaging System and a SAS 4000 resistivity instrument (Fig. 2c) .
The resolution of 2D profiles depends on arrays used, as well as spacing between electrodes placed on the ground. Several configurations are available for the electrodes arrays such as Schlumberger, Wenner, dipole-dipole or pole-dipole. Each protocol has its own characteristics in terms of depth of investigation, lateral and vertical resolution, horizontal coverage or signal length (Dahlin and Loke 1998). The Wenner array was used, due to its stronger signal-to-noise ratio and its high resolution on detecting salt water plume (Mcinnis et al. 2013; Sauret et al. 2015; Redhaounia et al. 2016; Chabaane et al. 2017b) . In this study, the electrode spacing was set as 5 m, and 32 electrodes were used for ERT 1, ERT 2 and ERT 5 and 48 electrodes for ERT 3 and ERT 4.
ERT data were processed using the inverse modeling program RES2DINV (Geotomo Software) (Loke and Barker 1996) to provide estimates of the two-dimensional spatial distribution of resistivity along the survey profile. The inversion algorithm is based on the standard smoothness-constrained least-squares inversion algorithm (Gauss-Newton method) (De Groot-Hedlin and Constable, 1990; Sasaki, 1992) . The 2D inversion results were obtained with a RMS error less than 3% and a number of iteration which various from three to six iterations, the low RMS values reflects the high data quality. Topography was not corrected because of the flatness of the study area.
Geophysical interpretation
The geophysical interpretation is described and discussed using the results obtained at the two sites, the geological data and data from deep wells. The first ERT profile was carried out perpendicular to the coast in order to detect the saline plume (Fig. 2a) . Inverted model presents an average RMS error of 2.7% indicating a good quality of the obtained result. This profile shows very low resistivities, which vary between 0.6 and 2.3 Ωm. These values correspond perfectly to the seawater plume, which generally has resistivity values ranging between 0.2 and 1 Ωm. So through this profile, we can clearly detect the saline plume that exceeds 22 m depth, and the invasion of this coastal zone by marine waters (Fig. 3) .
The second electrical profile was made parallel to the coast with 155 m length and perpendicular to the first profile (Fig. 2b) . This profile shows an average RMS error of 1.9% suggesting the obtained results accuracy. From the electrical characteristics point of view, there is no difference between the two 2D models with resistivities ranging between 0.46 and 2.23 Ωm. This model also detects the seawater plumes along the section. We can notice that this model shows the transverse shape of a marine intrusion (Fig. 4) .
IP 1 and IP 2 are carried out respectively at ERT 1 and ERT 2 profiles, with the same electrode number and electrode spacing. The IP models resulting from 2D numerical inversions are presented in Figs. 5 and 6. It can be pointed out that there exists a conductive zone having the lowest chargeability value less than 1 ms. That conductive zone is predicted as the plume of seawater, this is confirmed by ERT 1 and ERT 2, which shows low resistivities in the zones having low chargeability. For the zones with highest values of chargeability (more than 1 ms), they correspond generally to clay deposits.
In the first site, ERT 1, ERT 2, IP 1 and IP 2 profiles show the response of the coastal dunes to the subsurface, and that these sands are encroached by seawater.
The third profile was carried out perpendicular to the coast with 235 m length, and in the north of the Daroufa wadi. This profile shows an average RMS error of 1.1% indicating good quality of the ERT results, resistivity values vary from 0.28 to 11.21 Ωm. We notice the presence of seawater characterized by its low resistivity (less than 1 Ωm). In this zone the seawater has entered and has salinized the groundwater. This phenomenon is confirmed by the data of the deep well placed in the center of the ERT profile and having 120 m depth and which has captured highly salted water. We also note the presence of some freshwater lentils whose resistivity is near 10 Ωm. The saltwater plumes and freshwater lentils are separated by transition zones of a few meters (Fig. 7) .
The fourth profile was made in the south of the Daroufa wadi with 235 m length. The inverted model presents an average RMS error of 2.8% indicating a good quality of the obtained result, this profile shows resistivity values ranging between 0.2 and 15 Ωm. The low resistivities (average 0.2 Ωm) correspond perfectly to the seawater plume; this plume reaches 30-m depth on the center of the inverted model and 25 m in the eastern part of the profile. In the center and the west of the profile a lens of freshwater was observed, these lenses reaches 20-m depth and was captured by a surface well. In this profile the transition zone (between freshwater and seawater) was perfectly observed. In addition, other secondary plumes of freshwater and seawater are detected in this model (Fig. 8) .
The fifth ERT profile was executed perpendicular to the Daroufa wadi, ERT 3 and ERT 4 profiles, with 140 m length. In the northern part, this profile was placed partly on Daroufa wadi. ERT 5 model shows an average RMS error of 1.1% indicating good quality of the obtained results.
The resistivity values vary between 0.3 and 6 Ωm. For the northern part of the profile, it can be seen that this part shows the lowest resistivity values (< 0.5 Ωm). This anomaly corresponds to seawater. The marine intrusion detected at this level is favored by the wadi, so it can be said that the outlet of the wadi favors the infiltration of seawater and facilitates its infiltration towards the aquifer (Fig. 9) .
Overall, by comparing the results of the two studied sites, the profiles made near the Maâmoura city show a dominance of saltwater plumes and, therefore, a high contamination by seawater. In the second site seawater, freshwater and transition zones are found. In addition to the overexploitation of the groundwater, the extrados faults also affect the fractured "pop-up" structure of Korba (Adouani and Aissaoui 2003) and have created zones of weakness allowing canalizing seawater.
Conclusions and perspectives
In this study, use of the electrical resistivity tomography (ERT) provides new knowledge of freshwater and saltwater in the El Maâmoura Region. The results of the study show that the high resolution and sensitivity to the gradient separating are very much controlled by the spatial distribution of the freshwater and saltwater of the seawater intrusion. The compilation of the geological and geo-electrical methods (ERT and IP) provided greater confidence in the inferred results.
In the sector, combining of hydrogeological and geo-electrical investigation (ERT and IP) provides valuable information of the studied sites, the distribution and architecture of seawater and freshwater plumes, and the determination of the contact between these plumes.
Finally, it is thought that further studies (electromagnetic, microgravity and ERT) are required to detect and understand the most affected areas by seawater intrusion in the NE Tunisia. 
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